This paper proposes a control method for battery energy storage systems (BESSs) to provide concurrent primary frequency and local voltage regulation services. The actual variable active and reactive power capability of the converter, along with the state-of-energy of the battery in the BESS, are jointly considered by the optimal operating point calculation process within the real-time control operation. The controller optimizes the provision of grid services, considering the measured grid and battery statuses and predicting the battery DC voltage as a function of the current trajectory using a three-time-constant model (TTC). A computationally-efficient algorithm is proposed to solve the formulated optimal control problem. Experimental tests validate the proposed concepts and show the effectiveness of the employed control framework on a commercial utility-scale 720 kVA/560 kWh BESS.
I. INTRODUCTION
Battery energy storage systems (BESSs) are broadly recognized as essential assets for the operation of modern power systems thanks to their wide controllability and ramping rate that can be exploited for grid balancing regulation purposes. As extensively demonstrated by the literature, one of the most popular power system services achieved by BESS is primary frequency control (PFC), which is increasingly needed from transmission system operators (TSOs) given the progressive displacement of conventional generation plants in favor of stochastic renewable-based generation units [1] - [3] . PFC is typically performed by a frequency droop controller that determines the variation of the active power (∆P ) exchanged with AC grid for a given frequency deviation from its system nominal value. However, power converters are normally able to operate on the 4 quadrants of their PQ capability curve, meaning that, in principle, the unit is capable of exchanging This work was supported by the European Union's Horizon 2020 research and innovation program under agreement no. 773406. also inductive or capacitive reactive power concurrently with the active power. Within this context, the proposed control approach considers the additional simultaneous exchange of reactive power, which is seen as a viable mean for local voltage regulation at distribution grid levels [4] - [7] . Similarly to the case of PFC, local voltage deviations from the nominal value can be used as input for determining the necessary variation on reactive power (∆Q). Although a dedicated market framework is not existing at distribution grid levels, distribution system operators (DSOs) are yet keen to have the possibility of acquiring voltage support services via reactive power coming from distributed energy resources, e.g., by imposing relevant requirements to photovoltaics plants [8] , [9] .
The proposed joint PFC-voltage control actions are achieved under the real physical constraint of having a non-unique PQ region of feasibility of the power converter: it is in fact a function of the battery DC-link and AC grid statuses. This aspect goes beyond the typical assumptions present in the existing scientific literature, where it is assumed that the PQ capability curve of the BESS converter is static and does not depend on battery state of charge (SOC) conditions and AC grid voltage conditions. Another contribution proposed in this work is the design of a real-time control algorithm with time resolution ≤ 1s, capable of computing the maximum grid support from the BESS for different battery and AC grid conditions. This is done by solving in real time an optimization problem that includes constraints based on battery status predictions, given a three-time-constant (TTC) equivalent model whose parameters have been experimentally estimated via a series of model identification tests [10] , [11] . We propose a computationallyefficient algorithm to find an optimal solution of the power set points. In this approach, the nonconvex constraints are relaxed and convexified to make them easier to be solved. Similar approaches have been also used and validated to solve power system operation problems in [12] , [13] . Ultimately, the paper reports an experimental validation of the proposed control approach. The real-time optimal controller is implemented and tested in real time on the utility-scale 720 kVA/560 kWh BESS installed at EPFL campus in Lausanne, Switzerland.
The main research contributions of this paper are three-fold, as it proposes: i) a method for accounting for the variability of the feasibility PQ region of the BESS power converter as function of both the AC grid and internal BESS conditions; ii) a control framework for concurrent provision of power system frequency and local voltage control based on the real-time solution of an optimization problem to maximize the contribution to grid support that the BESS can provide for given actual and predicted operating conditions; iii) an experimental validation of the proposed method in a real grid. The paper is structured as follows: Section II outlines the proposed methodology. In Section III, the utility-scale BESS deployed for the validation experimental activities is described, including the estimations of the identified parameters of the equivalent battery model. Section IV reports the results of relevant experimental test study cases. Conclusions and possible future works are included in Section VI.
II. PROPOSED METHODOLOGY
The converter is controlled to provide primary frequency and local voltage regulation adjusting the active and reactive power set-points, respectively. The initial power set-points of are achieved via droop logics:
Where t ∈ T is the index of time step, P AC 0,t , Q AC 0,t are the initial active and reactive power set-points that the BESS will set for given grid frequency and AC voltage magnitude deviations (∆f t , ∆v AC t ), according to the initial droop coefficients α 0 , β 0 . These active and reactive power set-points will be adjusted when considering the converter capability curves, as described later in the paper.
To maximize the frequency and voltage regulation performance, the initial droop coefficients α 0 , β 0 can be set as:
The maximum active power and reactive power P max , Q max are specified by the BESS. Historical measurements can be used to determine the maximum frequency and voltage deviation ∆ max f t , ∆ max v AC t , as shown in Section III. During realtime operations, the employed α t , β t are adjusted relying on BESS status (available storage capacity and SOC) and solving the optimal power set-points calculation problem (13) .
Commonly in the current literature, the converter capability is considered to be constantly expressed as (P AC t ) 2 + (Q AC t ) 2 ≤ (S AC ) 2 . Where P AC the average phase-phase voltage at the AC side. The capability curves h are fitted using datasheet information from the converter manufacturer and then scaled proportionally to the actual capacity of the BESS. The fitted capability curves consist of a series of linear and quadratic functions. The v DC t voltage needed for the selection of the capability curve is estimated via the TTC model shown in Fig. 2 , whose parameters are derived by dedicated model identification tests.
Since the BESS has to be controlled in a very small time resolution (≤ 1s), we propose to estimate the battery status based on the TTC model state equations:
Where v c = [v C1 ; v C2 ; v C3 ] are the state voltage variables that are updated by solving (4)- (7) in each control loop. To accelerate the computational efficiency, a discrete version of (4)- (7) to update v c is used in this paper. The TTC model capacitance parameters C 1 , C 2 , C 3 and resistance parameters R s , R 1 , R 2 , R 3 are identified by generating active power pseudo random binary signals (PRBS) and then by measuring the corresponding current dynamics. This process is explained in Section III. The voltage source E is the open circuit voltage of the battery, which depends on the SOC as shown in (8). E is modelled as a linear function of the battery SOC, where the parameters a and b are identified within the TTC model identification process. (7) is equivalent to:
Where 1 T = [1, 1, 1]. Solving constraints (3) jointly with (9) gives feasible power set-points P AC Given the initial state of charge SOC 0 , the state of charge at each iteration SOC t can be expressed as:
Where C max is the maximum storage capacity of the battery in Ampere-per-hour and i DC ≈
is the charging or discharging DC current. The active power at the DC bus P DC t is related the active power at the AC side of the converter as:
Where η = 97% is the efficiency of converter. P AC t < 0 means charging of the BESS and P AC t ≥ 0 means discharging. The state of charge SOC t should be always kept in the secure limits during all the operational periods t ∈ T :
The optimal active and reactive power set-points are given by solving the following optimization problem:
subject to (1) − (3), (9) − (12) So, the optimal power set-points P AC t , Q AC t are the closest points to the initial power set-points P AC 0,t , Q AC 0,t inside the feasible operational region of the BESS defined by (1)-(3) and (9)- (12) . After finding the optimal power set-points P * AC t , Q * AC t , the optimal droop parameters α * t , β * t are defined as:
This optimization problem is nonconvex due to the nonconvex constraints (9), (10) and (11) . To efficiently find a local optimal solution, constraint (9) is firstly convexified to:
This relaxation shows better computational efficiency in realtime control experiments. Then, to find the optimal power setpoints, we propose the computationally-efficient solution algorithm shown in Algorithm 1, where v AC,m t is the AC voltage measurement and V DC i ∈ {(500, 550], (550, 600], (600, 800]} is i-th set of the DC voltage range. Algorithm 1 works by firstly assuming the range that the DC voltage v DC t solution could be in. Then, one capability curve is selected based on the assumed DC voltage and measured AC voltage. If the final solution of DC voltage is consistent with the initial assumed DC voltage range, the algorithm converges. Otherwise, the assumption of the DC voltage range is changed and another capability curve is selected until a consistent solution is found.
The block diagram of the proposed controller during one time step is illustrated in Fig. 3 .
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III. UTILITY-SCALE BESS CAPABILITY CURVES AND ASSESSMENT OF ITS EQUIVALENT CIRCUIT MODEL
The testbed of the proposed validation study consists in an utility-scale BESS installed at the EPFL campus in Lausanne, Switzerland. The system is based on a 720 kVA/560 kWh Lithium-Titanate-Oxide (LTO) battery technology, utilized for a number of power grid support experimental activities [14] . The BESS is equipped with a 720 kVA 4-quadrant converter, which can be controlled via Modbus with a refresh rate of 200 ms. The BESS is connected to the EPFL campus medium voltage (MV) grid via a 630 kVA 3-phase 0.3/21 kV stepup transformer. The paramenters of the main components of the employed BESS are reported in Table I . The EPFL MV distribution network presents all the peculiarities of modern 21st Power Systems Computation Conference PSCC 2020 active distribution grids: the lines are short, the load demand is largely variable in function of the hour of the day (office buildings with 300 kWp), and a substantial amount of rooftop PV units is connected (for a total of 95 kWp). Such grid characteristics make the testbed suitable for investigations not only on system frequency regulation, but also on local voltage control solutions such as the one proposed in this work. As commonly known, a peculiarity of BESS installations is the modular structure. As example, for the specific commercial MW-class BESS under analysis, 3 series of 20 cell elements are connected in parallel to compose the battery module, 15 modules in series compose one string, and finally 9 strings connected in parallel guarantee the desired BESS energy storage and power capacity. The main advantage of such modular structure is the absence of the limiting single point of failure typical of conventional power grid service providers. In fact, the system can be operated even if one element is not correctly in operation. Within this context, the analysis proposed in this work relies on a configuration with reduced number of strings: 7 strings are utilized, hence the available storage capacity is 7/9 of the total value, i.e., 435 kWh. One has to note that the reduced number of usable strings should be considered also in the setting of the maximum power exchange capability, being the strings connected in parallel. This is done to prevent string over-currents and over-temperatures, without jeopardizing the cycle aging process of the cells. In this respect, at the implementation stage of the controller, the constraints of the power converter PQ capability curves presented in Fig. 1 should be shrinked by the shrink factor C shrink , which in this case is 7/9.
As shown in Fig. 1 , the region of feasible operating points of the power converter depends on the grid AC voltage and on the DC battery voltage in a non-linear way. In fact, for increasing battery DC voltages only the maximum positive Q value is increasing. The curve is shifted down vertically for AC voltages greater than the nominal value, meaning that both the maximum positive Q is decreased, whereas the maximum negative Q is increased. A different pattern is present for AC voltages smaller than the nominal value: the limit values are shrinked both for the active and the reactive part of the apparent power set-point in both negative and positive signs. At the implementation stage of the proposed controller, the dependency of the feasibility region on the grid and battery statuses is considered in a discretized way, by selecting two of the five PQ curves and by considering the overlapping area between them. As mentioned, this is done in accordance with the respective shrink factor C shrink .
A dedicated experimental investigation allowed the estimation of the equivalent TTC circuit parameters via a grey-box modeling-based approach, in line with the analogue estimation activity proposed in [11] for the same BESS in case of full available storage capacity (9 strings). The model identification tests are based on PRBS, i.e., a two levels square wave with on-off periods of normally distributed random durations, capable of exciting a wide range of system dynamics. As shown in Fig. 4 , the binary set-point signals resulted in ±250 kW, and SOC, v dc and i dc vary accordingly. Since the TTC model parameters depend on the BESS SOC, the test has been repeated for different SOC ranges. The obtained TTC model parameters are in Table II With reference to (2) , in order to properly set the initial values of the droop constants α 0 and β 0 , the maximum 21st Power Systems Computation Conference PSCC 2020 deliverable active and reactive powers P max and Q max have been used along with the calculated maximum deviation of the input variables of the controller, i.e., ∆ max f and ∆ max v AC .
Historical measurements acquired by the synchrophasor network on the EPFL MV network are used for this purpose, whose p-class phasor measurement units (PMUs) allowed the acquisition of data with a timestamp of 20 ms. The values of ∆ max f and ∆ max v AC have been obtained by approximating their distribution with normal distribution functions and by considering a relevant multiplication factor for the standard deviations σ. On the one hand, the maximum deviations of ±3.3σ f was considered for the system frequency measurements, meaning that the thresholds µ f ±3.3σ f are statistically passed only the 0.1% of the time, being µ f the average value of the frequency dataset, equal to 50.000 Hz. This rather strict assumption is motivated by the requirement from the Swiss TSO grid code on the quality of the supply of primary frequency control power, which sets a maximum tolerable time of 0.1% of the tender period for which the regulating power cannot be delivered without running into penalties [15] . On the other hand, since less strict requirements regulate the quality of the supply of local voltage control, smaller maximum deviations can be considered: the calculated thresholds for the activation of the maximum reactive power capacity are µ V ±1σ V , where µ V is the average value of the AC phasephase voltage dataset, equal to 21.192 kV. Since the obtained µ V differs from the nominal value of 21 kV, it was decided to consider µ V as reference for the calculation of ∆ max v AC in (1) .
Given the considered historical dataset, ∆ max f = ±3.3σ f = ±62.4 mHz and ∆ max v AC = ±1σ V = ±0.0672 kV. The calculated ∆ max f and ∆ max v AC enable the computation of the initial droops α 0 and β 0 for different BESS configurations considering the number of available strings, i.e., the shrink factors C shrink , as shown in Table III . 
IV. RESULTS ANALYSIS AND DISCUSSION
A number of scenarios have been investigated considering different combinations of initial droops α 0 and β 0 . and processed in order to compute the optimal P and Q setpoints as described in Section II. A time granularity of 1 second has been used for data acquisition and optimal set-point computation, meaning that at each second a new operating point within the corresponding feasible PQ region is sent to the BESS converter controller. 6 shows results for Scenario#1, for which α 0 and β 0 are calculated as in Section III. The top subplots of (a) and (b) report the measured AC grid frequency and the mean value of the three phase-phase voltages at the MV connection point, with the respective reference values used for the calculation of ∆f t and ∆v AC t as in (1) . The computed P-Q set-point calculated implementing the standard droop control equation in (1) are reported in red in the bottom subplots. Additionally, the actual set-points computed as result of the optimization problem are shown with the blue lines.
Firstly, it can be seen that for frequency measurements larger than 50 Hz, the BESS behaves as a load: the sign of the exchanged active power is negative, meaning that the BESS is charging. Symmetrically, when the frequency is below the 50 Hz, the BESS discharges by injecting active power with positive sign into the grid. Similar considerations are valid for the local voltage control. In general, for ∆v AC > 0, i.e., in case of over-voltages, negative reactive power is provided by the BESS, meaning that the BESS behaves as an inductor. On the contrary, for ∆v AC < 0, i.e., in case of under-voltages, capacitive positive reactive power is provided, as in the case of the whole time-window for the test of Scenario#1.
Secondly, it can be noticed that the desired primary frequency support is fully achieved since the expected active power is provided at any moment of the considered time window. By contrast, the relatively large value of the initial droop β 0 and the measured deviations of the AC voltage from the reference value, caused a mismatch between the expected and the provided voltage control service for more than half of the time of the test. In fact, in these cases the desired Q set-point would have been out of the feasible region of the employed hardware, hence the proposed optimal control approach moved it to the edge of the correspondent PQ capability curve. The test for Scenario#2 presented in Fig. 7 shows a case when the local voltage control via reactive power is achieved continuously, although the implemented initial droop β 0 is the same as in Scenario#1. Also the primary frequency control action is performed continuously, responding as desired to the measured frequency signal for the whole duration of the test. In this case a larger initial droop α 0 was implemented, namely a value calculated considering ±3σ f as the maximum frequency deviation, i.e., with a confidence interval of 99.7%.
In Scenario#3 an even larger value of α 0 was used, corresponding to ±1.5σ f as the maximum frequency deviation, i.e., with a confidence interval of 86.6%. In this test case, the solution of the optimization problem enabled the BESS to operate also when the calculated P set-points falls outside the feasible region of the considered PQ capability curve. In fact, the values at the edge of the feasible region were set, meaning that the frequency service was not performing as desired, although the maximum power was still provided to partially support the grid. However, it is relevant to notice that without the proposed optimal controller the too high value of the computed P set-point would have made the BESS converter either trip or go to 0 kW for safety reasons. Under these circumstances, the expected service would have been fully undelivered, enhancing the probability of reaching the 0.1% threshold imposed by the Swiss TSO for undelivered regulating power when providing primary frequency control. It is in fact relevant to quantify the amount of regulating power actually delivered during the regulation session. The quantification is reported in Table V , which shows the actual delivered regulating power via the amount of energy that is not provided to the TSO in case of implementing and not implementing the optimization. From Fig. 8 , it can be seen that this happens in the first 38 seconds of the test and for a shorter period of time also around the mid point. Finally, Scenario#4 is analysed to assess the situation in case of a very large initial droops α 0 and β 0 , corresponding to maximum deviations of ±1.5σ f and ±0.75σ V . Although the very low measured voltage deviations made the computed Q set-point be inside the feasible PQ region all the time, the same is not valid for P. In fact, Fig. 9 shows that for almost the whole duration of the test the P set on the converter is at the edge of the selected feasibility curve, meaning that the primary frequency grid service is not fully delivered. The 
V. CONCLUSIONS AND FUTURE WORKS
The work presented a BESS control framework for optimal provision of concurrent power system services. In particular, primary frequency and local voltage control are achieved via the modulation of active and reactive power set-points, respectively, exploiting the flexibility given by the 4 quadrant power converter. The proposed algorithm considers the working conditions of the AC utility grid as well as the battery DC voltage as a function of the current trajectory using the battery TTC model, in order to select the suitable converter capability curve, which is not unique for all the possible operating conditions, hence optimizing the provision of grid services. A computationally-efficient algorithm was proposed to solve the formulated optimal power set-points calculation problem.
A set of experimental tests on a commercial utility-scale 720 kVA/560 kWh BESS showed the capability of the controller to enable PFC and local voltage control not only by charging or discharging the battery, but also by means of reactive power exchange, namely behaving as inductor or capcitor in case of over-or under-voltages, respectively. When in case of large initial droop constants or large frequency/voltage deviations the PQ feasible region is passed, the proposed controller enabled the operation at the edge of the selected PQ capability curve, dramatically reducing the amount of accumulated nondelivered regulating power during the control session. Hence, the paper highlighted the importance of the knowledge of the employed hardware in order to enable an optimal grid service provision even under non-optimal BESS conditions (e.g., reduced available number of strings) as well as under commercial hardware embedded technical limitations (e.g., variable capability curves of the power converter).
Future works include the extension of the complexity of the model by considering the power conversion efficiency as a function of the exchanged AC active power, and a series of experimental tests to map more systematically all the possible capability curves for a wider range of combinations of battery DC voltage and grid voltage conditions. Further, investigations on BESS control logics as voltage source in combination with the provision of ancillary services are of interest.
